A quantum spin Hall (QSH) insulator is a novel two-dimensional quantum state of matter that features quantized Hall conductance in the absence of magnetic field, resulting from topologically protected dissipationless edge states that bridge the energy gap opened by band inversion and strong spin-orbit coupling. By investigating electronic structure of epitaxially grown monolayer 1T'-WTe2 using angle-resolved photoemission (ARPES) and first principle calculations, we observe clear signatures of the topological band inversion and the band gap opening, which are the hallmarks of a QSH state. Scanning tunneling microscopy measurements further confirm the correct crystal structure and the existence of a bulk band gap, and provide evidence for a modified electronic structure near the edge that is consistent
A two-dimensional (2D) topological insulator (TI), or a quantum spin Hall insulator, is characterized by an insulating bulk and a conductive helical edge state, in which carriers with different spins counter-propagate to realize a geometry-independent edge conductance 2e 2 /h 1, 2 .
The only scattering channel for such helical edge current is back scattering, which is prohibited by time reversal symmetry, making QSH insulators a promising material candidate for spintronic and other applications.
The prediction of the QSH effect in HgTe quantum wells sparked the intense research efforts to realize the QSH state 3, 4, 5, 6, 7, 8, 9, 10, 11 . So far only a handful of QSH systems have been fabricated, mostly limited to quantum well structures of three-dimensional(3D) semiconductors such as HgTe/CdTe 3 and InAs/GaSb 6 . Edge conduction consistent with a QSH state has been observed 3, 6, 12 . However, the behavior under the magnetic field, where the time reversal symmetry is broken, cannot be explained within our current understanding of the QSH effect 13, 14 . There have been continued efforts to predict and investigate other material systems to further advance the understanding of this novel quantum phenomenon 5, 7, 8, 9, 15 . So far, it has been difficult to make a robust 2D material with QSH state, a platform needed for wide-spread study and application.
The small band gaps exhibited by many candidate systems as well as their vulnerability to strain, chemical adsorption, and element substitution make them impractical for the advanced spectroscopic studies or applications. For example, a QSH insulator candidate stanene, a monolayer analog of graphene for tin, grown on Bi2Se3 becomes topologically trivial due to the modification of its band structure by the underlying substrate 11, 16 . The free standing Bi film with 2D bonding on a cleaved surface has shown edge conduction 9 , but its topological nature is still debated 17 . It takes 3D out-of-plane bonding with the substrate and large strain (up to 18%) to open a bulk energy gap in monolayer bismuth 15 . Such 3D bonding structure may induce similar surface issues as seen in 3D semiconductor QSH systems. Monolayer FeSe grown on a SrTiO3 substrate has also emerged as a model system to support both QSH and superconductivity.
However, due to doping from the substrate the Fermi energy (EF) is more than 500meV higher than the nontrivial gap, making it less practical for applications 18 .
1T' phase monolayer TMDCs MX2, M = (W, Mo) and X = (Te, Se, S), are theoretically predicted to be a promising new class of QSH insulators with large band gap 10 . Among them, WTe2 is the only one for which the 1T' phase is most energetically favored. Realization of a QSH insulator in 2D TMDCs would be a breakthrough as this is a robust family of materials with none of the complications from surface/interface dangling bonds that are seen in 3D semiconductors, enabling a broad range of study and application of QSH physics. In this work, we report a successful growth of monolayer 1T'-WTe2 using molecular beam epitaxy (MBE) on a bilayer graphene (BLG) substrate. In-situ ARPES measurements clearly show the band inversion and the opening of a 55meV bulk band gap, which is an order of magnitude larger than gaps seen in quantum wells of 3D semiconductors 3, 6 . Scanning tunneling spectroscopy (STS) spectra show evidence of the insulating bulk and conductive edge nature of 1T'-WTe2. Our results thus provide compelling experimental evidences of a QSH insulator phase in monolayer 1T'-WTe2. Figure 1a presents the crystal structure of monolayer 1T'-WTe2. MX2 has three typical phases, namely 2H, 1T and 1T'. 1T-WTe2 is composed of three hexagonally packed atomic layers in an ABC stacking. The metal atoms are in octahedral coordination with the chalcogen atoms. This is not a stable phase in freestanding form and undergoes a spontaneous lattice distortion into the 1T'
phase via a doubling of the periodicity in the X direction. W atoms are dislocated from the original octahedral positions to form a zigzag chain in the Y direction.
The lattice distortion from the 1T phase to the 1T' phase induces band inversion and causes 1T'-WTe2 to become topologically non-trivial 10, 19, 20 . with opposite parities are marked to track their evolution. In 1T-WTe2, the bands from 5dxz and 5 2 orbitals of W are separated by the EF (Fig. 1c) . Due to the symmetry breaking through the lattice distortion from 1T to 1T', these orbitals hybridize substantially. Fig. 1d shows that the 2 orbital is lowered below EF whereas the dxz orbital lifts in the opposite direction near the Γ point.
Because these two inverted bands have different parity at the Γ point, the Z2 invariant v, in which (-1) v determined by the product of all occupied band parity eigenvalues 24 , changes from 0 to 1.
The valence band maximum in 1T' phase is mainly from W dyz orbital, with an even parity at the Γ point. When its degeneracy with dxz orbital in 1T phase is lifted by the lattice distortion, the band stays below EF and does not involve in the band inversion. With the inclusion of SOC (Fig. 1e) In contrast to the gap in the bulk, dI/dV at a 1T'-WTe2 edge is quite different, showing a "V-shape" spectrum with states filling in the bulk gap (Fig. 4b) indicates the symmetry of this band is always even with respect to the mirror plane we chose. We thus conclude that the only orbital satisfying this criterion is the 2 orbital, which agrees well with the calculation (red dotted band in Fig. S1b ). At the same time, intensity from the orbitals with in-plane character is clearly enhanced for S polarization as can be seen in Figs. S1d and f.
Our polarization dependent ARPES gives strong evidences that band inversion occurs in our 1T'-WTe2 monolayer films.
Fitting the EDC peaks
In order to extract the exact bulk band gap size, one needs to get the peak position of conduction band bottom and valence band top. We used Gaussian peaks with Shirley background to fit the energy distribution curves (EDCs). The fitted peaks are black dotted lines in Fig. S3 , which fit the original EDCs very well. Each Gaussian peak of the fit is plotted as a blue solid line, and the corresponding peak position is labeled above it. The EDCs at k=0 1/Å and k=0.27 1/Å correspond to the valence band top and conduction band bottom, respectively. The gap sizes determined from the peak-to-peak distance are 55 ± 20 meV and 45 ± 20 meV for intrinsic and K-doped samples, respectively. The decrease of the gap size after surface doping is expected due to the surface doping inducing a vertical electric field without changing the non-trivial topology of 1T'-WTe2 10 .
Scanning tunneling microscopy and gap determination
To protect the samples from air during transit to the STM chamber, the 1T'-WTe2 samples were capped with Se and Te layers. To acquire STM and STS data on the 1T'-WTe2, the capping layers must be removed by annealing in UHV. Fig. S4a shows a topographic image of 1T'-WTe2
domains after annealing the sample to T = 200 o C. Most WTe2 islands are roughly 20 nm x 20 nm in size, although there is some variation depending on growth conditions. The height of 1T'-WTe2 above BLG is 9 ± 1 Å, but the 1T'-WTe2 islands are usually surrounded (or partially surrounded)
by a 1~3 Å high contaminant on the BLG (likely unreacted W or remnants of the Te capping layer).
The contaminant can be removed from BLG by annealing to T = 350 o C, but this induces disorder in most of the 1T'-WTe2 edges. The contaminant can also be moved with the STM tip, and its presence or absence has no discernable effect on STS results for 1T'-WTe2.
Two control experiments to evaluate the effect of the capping-decapping process on the electronic structure of 1T'-WTe2 were performed. (1) After our in situ ARPES measurements, we capped the sample in the same manner as described above. Then the capping layer was removed afterwards, followed by ARPES measurements of the surface that went through the capping/decapping process. No difference was found in the ARPES spectra between the fresh sample surface and the surface that went through the capping-decapping process. (2) Besides using a Te/Se double layer as the capping layer (Te in direct contact with the film), a Se-only capping layer (no Te) was also used to protect the sample during the transfer between STM and MBE chamber. No noticeable difference was found from STM measurements on these two types of samples. Therefore, we believe that the capping-decapping process does not alter the measured electronic structure. domain was acquired at a random location in the bulk. We define the bulk to be ~5 nm away from an edge (and far from surface adsorbates) because the V-shaped conductance can extend up to 4 nm away from an edge (there is some variation in the edge extent). At some spots on the surface, the gap width cannot be determined with this method because there is a peak inside the bulk gap (likely due to defect states). The mean gap size is 56 meV with a standard deviation of 14 meV.
The error in determining the mean gap size is at most 10 meV. Due to the bulk gap's asymmetry around the Fermi energy, the gap cannot be explained purely by phonon-assisted inelastic tunneling. 33 The measured gap sizes are plotted with respect to the domain area in Fig. S6c . No correlation between the domain area and the gap size was found, indicating that quantum confinement does not explain the gap and has no discernable effect on the electronic structure of the different domains.
The existence of the edge state is not affected by edge irregularities and roughness, as expected for a topologically protected non-trivial edge state. Fig. S7 shows an example of a dI/dV map of a rough edge. We observe that the edge state runs continuously all along a domain edge, even though the fine details of the V-shaped spectra are slightly different from point to point. It is unlikely for a topologically trivial edge state to be so continuous on edges with different terminations and disorder, and so this observation can be taken as additional evidence that we are observing nontrivial edge states 30 . weight between them. In the case of (e), due to the complete suppression of the half of the conduction band from the orbital selection through a polarization dependent matrix element, residual spectral weight between the conduction band and valence band makes a false impression that they were connected. In the case of WSe2, W 4f peak splits into two sets due to the coexisting 1T' and 2H phase, while only one set of peaks exist in 1T'-WTe2. 
